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Abstract
Background: The introduction of novel CTCF binding sites in gene regulatory regions in the rodent lineage is
partly the effect of transposable element expansion, particularly in the murine lineage. The exact mechanism and
functional impact of evolutionarily novel CTCF binding sites are not yet fully understood. We investigated the
impact of novel subspecies-specific CTCF binding sites in two Mus genus subspecies, Mus musculus domesticus and
Mus musculus castaneus, that diverged 0.5 million years ago.
Results: CTCF binding site evolution is influenced by the action of the B2-B4 family of transposable elements
independently in both lineages, leading to the proliferation of novel CTCF binding sites. A subset of evolutionarily
young sites may harbour transcriptional functionality as evidenced by the stability of their binding across multiple
tissues in M. musculus domesticus (BL6), while overall the distance of subspecies-specific CTCF binding to the
nearest transcription start sites and/or topologically associated domains (TADs) is largely similar to musculus-
common CTCF sites. Remarkably, we discovered a recurrent regulatory architecture consisting of a CTCF binding
site and an interferon gene that appears to have been tandemly duplicated to create a 15-gene cluster on
chromosome 4, thus forming a novel BL6 specific immune locus in which CTCF may play a regulatory role.
Conclusions: Our results demonstrate that thousands of CTCF binding sites show multiple functional signatures
rapidly after incorporation into the genome.
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Background
Genetic differences within and between species predom-
inantly lie in the noncoding sequence of the regulatory
regions of the genome, whose function and significance
largely remain poorly understood [1–3]. While interspe-
cies comparisons of mammalian genomes have revealed
that protein-coding genes have been subject to strong
selective pressures [4], tissue-specific transcription factor
binding diverges more frequently between species [5–8].
CCCTC-binding factor (CTCF) is a ubiquitously
expressed 11 zinc-finger master genome organiser [9]
shared between all vertebrates [10]. It plays a part in
many basic cellular roles including transcriptional activa-
tion and repression [11, 12], X-inactivation [13], estab-
lishing 3D genome architecture [14], enhancer insulation
[15], and alternative splicing [16]. The importance of
these functions is illustrated by CTCF knockout being
embryonic lethal [17] and tissue-specific conditional
knockouts having dramatic developmental abnormalities
[18, 19]. The CTCF protein itself shows a remarkable
degree of evolutionary conservation, with 93% amino
acid identity of the full protein sequence between hu-
man and chicken and 100% identity in its DNA bind-
ing domain [20, 21].
© The Author(s). 2020 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.
* Correspondence: flicek@ebi.ac.uk
1European Molecular Biology Laboratory, European Bioinformatics Institute,
Wellcome Genome Campus, Hinxton, Cambridge CB10 1SD, UK
2University of Cambridge, Cancer Research UK Cambridge Institute, Robinson
Way, Cambridge CB2 0RE, UK
Full list of author information is available at the end of the article
Azazi et al. BMC Biology          (2020) 18:132 
https://doi.org/10.1186/s12915-020-00863-8
One of the most important functions of CTCF is to
help establish 3D genome structure through interaction
with the cohesin complex [22–25]. The colocalised bind-
ing of CTCF and the cohesin complex can create chro-
matin loops, demarcated by two CTCF molecules bound
to the genome and stabilised by cohesin [26–28]. This
gives rise to topologically associating domains (TADs)
[13], demarcated by CTCF sites deeply conserved across
mammals [29], and with mostly invariant positions
across species and tissues [30, 31].
Many changes in the regulatory non-coding genome
between species are the consequences of the co-option
of repetitive sequences for active binding of transcription
factors [32–38]. Across mammals, the evolution of
CTCF binding has been driven by repeated waves of ex-
pansions of transposable elements that deposited its
binding motif in novel genomic locations [35–37]. Spe-
cifically, within the Murine lineage, CTCF binding mo-
tifs have recently been spread through the short
interspersed nuclear element (SINE) family of transpos-
able elements. Similar repeat-driven transcription factor
binding site birth expansions have been observed for
other tissue-specific transcription factors in stem cells
[34] and in pregnancy-associated tissues [39], suggesting
that repeat expansions are a common mechanism used
to remodel mammalian genomes [32]. However, the po-
tential functional roles of very young insertions of tran-
scription factor binding sites through repeats and their
genomic characteristics have not yet been well
characterised.
Leveraging the availability of high-quality genome se-
quences from laboratory strains and species within the
Mus genus created by the Mouse Genomes Project [40–
43], we illustrate how repetitive elements have remod-
elled CTCF binding in two Mus genus subspecies shar-
ing a common ancestor 0.5 million years ago (MYA):
Mus musculus domesticus (C57BL/6J or BL6) and Mus
musculus castaneus (CAST) (Fig. 1a). We found that al-
most half of the subspecies-specific CTCF binding sites
are from repeat origin but have signatures of function
and genomic occupancy patterns that are largely similar
to CTCF sites common between the subspecies. We next
identified a subset of these subspecies-specific sites that
was bound in multiple tissues and exhibit heightened re-
cruitment of cohesin-complex subunits, suggesting ac-
tive participation in loop formation and higher
functionality of these sites. We also found a cluster of
interferon genes with BL6 subspecies-specific CTCF
and cohesin colocalised binding sites on mouse
chromosome 4 that apparently arose via a recent tan-
dem duplication event. Taken together, these results
demonstrate the pace at which evolutionarily young
CTCF binding sites appear in the genome and acquire
functional signatures.
Results
To study the evolution of CTCF binding between closely
related species, we performed chromatin immunoprecip-
itation followed by high-throughput sequencing (ChIP-
seq) in liver samples from two mouse subspecies: BL6
and CAST (Methods). We used three biological repli-
cates for each subspecies and retained only those peaks
present in at least two individuals, yielding comparable
numbers of CTCF binding sites in both subspecies
(Fig. 1a). We next performed evolutionary analysis of
CTCF binding by finding those sites that occurred in
orthologous locations in a pairwise alignment between
the BL6 and CAST genomes. We found that the vast
majority (> 32,000) of CTCF binding occurs in ortholo-
gous locations, which we refer to as musculus-common
sites (Fig. 1b), in line with previous studies across more
diverged mammals [29] and rodents [44]. However, even
within these closely related subspecies, a considerable
amount of biologically reproducible CTCF binding was
found at subspecies-specific locations. In total, we iden-
tified in excess of 11,000 subspecies-specific CTCF bind-
ing sites in BL6 and CAST.
We next examined the genomic characteristics of
subspecies-specific and musculus-common CTCF bind-
ing sites. Analysis of binding site positions relative to
transcription start sites (TSSs) revealed an almost identi-
cal genomic location distribution, regardless of evolu-
tionary conservation, with the largest portion of CTCF
binding more than 10 kb from the nearest TSS (Fig. 1b).
We then classified each CTCF binding site by the gen-
omic feature it overlaps (Fig. 1b) and again found little
differences between different categories of conservation.
As expected, around 41–43% of CTCF binding within
both musculus-common and subspecies-specific sites is
intergenic, and the rest occurs within promoters or
genes [45]. Similarly, the canonical CTCF binding motif
was retrieved from all CTCF binding sites (Fig. 1c). Ana-
lyses of the genomic features of musculus-common and
subspecies-specific CTCF binding suggests that the re-
cently evolved sites perform similar functions to con-
served sites.
Transposable elements are responsible for half of
subspecies-specific binding
Muridae lineage species/subspecies, and these two sub-
species in particular, have similar genomic repeat pro-
files [42, 46]. Given the known contribution of
transposable elements to CTCF binding site evolution
[32, 35], we quantified the transposable element content
in CTCF binding sites. Both subspecies had comparable
overall repeat profiles with approximately 21% of all
CTCF binding occurring within a repetitive element
(Fig. 1d), mostly of the B2-B4 rodent-specific subfamily
of SINEs. However, for both BL6 and CAST, subspecies-
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specific binding sites were significantly more enriched in
repetitive elements than musculus-common sites. Specif-
ically, 34% of subspecies-specific CTCF binding over-
lapped a transposable element of the B2-B4 subfamily,
more than a twofold increase compared to all sites over-
lapping B2-B4 (14%) in both BL6-specific (BL6-specific
vs. All BL6: binomial test p value = 3.1E−07; BL6-specific
vs. musculus-common: binomial test p value = 9.0E−10)
and CAST-specific binding sites (CAST-specific vs. All
CAST: binomial test p value = 7.4E−06; CAST-specific
vs. musculus-common: binomial test p value = 1.9E−07)
(Fig. 1d). The contribution of the SINE B2-B4 subfamily
to subspecies-specific CTCF binding sites is likely an
underestimation; an additional 15% of sites identified in
only one biological replicate overlap with SINE B2-B4
and most likely represent CTCF binding that is weaker
and/or variable between individuals.
We compared the occurrence of musculus-common
and BL6-specific CTCF binding sites to the overall dis-
tribution of the four most common TE superfamilies in
the mouse genome (Additional file 1: Figure S1A) and
found that CTCF sites were highly enriched with SINE
TEs: 71% for musculus-common sites, rising up to 76%
for BL6-specific sites, compared to 20% in the whole
genome (χ2 test, p value < 2.2e−16). Within the SINE
superfamily both types of binding sites overlapped al-
most exclusively the B2-B4 family (Additional file 1: Fig-
ure S1B). Most of these BL6-specific sites are younger,
as estimated by the lower levels of sequence mismatch
from the consensus sequence (median = 16% for BL6-
specific versus 22% and 24% for musculus-common and
randomised genomic regions respectively, Mann-
Whitney U test, both p value < 2.2e−16) (Fig. 2a for
SINE repeats and S1C for all superfamilies of TEs). Not
only do BL6-specific CTCF bind in SINE TEs more
often than their musculus-common counterparts, but
also for each BL6-specific binding site embedded in a
SINE TE, more of the sequence is SINE-derived (Fig. 2b).
Specifically, 50% of the BL6-specific sequences were 77%
masked by SINE repeats, compared to musculus-com-
mon site (median = 39%) and randomised regions
(median = 31%) (Mann-Whitney U test, both p value <
2.2e−16). This recent cluster of SINE-derived CTCF sites
suggests that a post-divergence expansion of the binding
sites continued in each mouse lineage separately and
may yet still be ongoing.
To investigate how repeat element expansion contrib-
uted to the binding of other transcription factors
expressed in the liver, we performed analogous evolu-
tionary and repeat content analyses for the liver-specific
transcription factors CEBPA and FOXA1. We first rea-
nalysed publicly available ChIP-seq experiments [47] to
identify musculus-common and subspecies-specific bind-
ing in BL6 and CAST as described above for CTCF
(Methods). In both subspecies and for both liver-specific
transcription factors, repeat elements contributed more
to subspecies-specific than musculus-common binding,
but to a much smaller extent than for CTCF (Fig. 2c).
Unlike CTCF binding, there was negligible overlap of
CEBPA or FOXA1 with SINE B2-B4 elements (Figs. 2d
and S1D) and no discernible pattern of overlap with any
other specific transposable element group. These results
further confirm earlier studies that show SINE B2-B4 el-
ements are specialised for the expansion of CTCF bind-
ing sites and contribute to a larger portion of
subspecies-specific binding than tissue-specific transcrip-
tion factors.
We next investigated the relationship between the age
of transposable element insertion, as estimated by the
repeat content within peaks, and transcription factor
binding strength for all three transcription factors. We
measured the repeat content of binding sites at increas-
ing experimentally determined ChIP-seq signal inten-
sities (Methods) and found their genomic distribution to
be indistinguishable from those CTCF binding sites with
higher intensity (Fig. 1b). In the musculus-common set
of CTCF binding sites, the repeat content noticeably
drops at increased binding intensities (Fig. 2e) suggesting
that older transposable elements have higher affinity for
CTCF binding. In contrast, in the subspecies-specific
sets, the overall repeat content and the SINE B2-B4 con-
tent were comparable across all ChIP-seq signal
(See figure on previous page.)
Fig. 1 Overview of genomics features and evolutionary conservation of CTCF binding in the BL6 and CAST subspecies. a A schematic example of
the contribution of transposable elements novel subspecies-specific CTCF binding. The peaks represent CTCF binding as determined from ChIP-
seq experiments, while the boxes denote different groups of transposable elements (black = SINE, green = LTR). The table shows the peak counts
(binding sites) retrieved from the three biological replicates for each subspecies. All downstream analysis utilised peaks common to a minimum
of two replicates. b The Venn diagram shows the degree of CTCF binding overlap in whole genome alignments between the Mus musculus
domesticus (BL6) and Mus musculus castaneus (CAST) mouse subspecies. CTCF binding sites found aligned in orthologous locations are called
musculus-common, while those with no alignment in the other species are subspecies-specific. For each evolutionary class of CTCF sites (above
Venn diagram) and for all sites regardless of conservation between species (below Venn diagram), the most represented sequence motif and the
distance to the nearest downstream genes. c The pie charts show the gene features overlapping CTCF sites for all evolutionary classes in the
Venn diagram in b. d The repeat content of all CTCF binding sites, and each evolutionary category described in b is measured as the percentage
of a CTCF binding sites’ sequence that overlaps a repeat element. The asterisks indicate the significance of enrichment of SINE B2-B4 elements
between subspecies-specific sets and all CTCF binding sites for both species and the musculus-common set (binomial tests, ***p < 0.0001)
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intensities (Fig. 2e). The repeat content of the tissue-
specific transcription factors CEBPA and FOXA1 was
also independent from ChIP-seq signal intensity and
similar across both musculus-common and subspecies-
specific sites (Fig. 2e). Interestingly, most tissue-specific
transcription factor binding and musculus-common
CTCF binding occurred in sites with noticeably smaller
repeat content than subspecies-specific CTCF binding.
Their strong binding affinity suggests that functional
subspecies-specific CTCF binding sites have arisen from
transposable elements more recently than tissue-specific
transcription factors.
Taken together, these results demonstrate the extent
and speed at which transposable elements can shape
transcription factor binding. In just one million years of
evolutionary time separating BL6 and CAST transpos-
able elements have apparently contributed to almost half
of the subspecies-specific CTCF binding profiles.
Subspecies-specific CTCF binding is predominantly tissue-
restricted
Although CTCF binding is more consistent across tis-
sues than most other transcription factors, many binding
sites are tissue-specific [48–50]. To investigate the rela-
tionship between subspecies-specific binding and tissue-
specificity, we determined the tissue distribution of bind-
ing sites across adult mouse tissues. We reanalysed EN-
CODE CTCF ChIP-seq data for BL6 adult male mice
from 12 tissues: lung, bone marrow, bone marrow mac-
rophages, cortical plate, cerebellum, heart, kidney, thy-
mus, spleen, olfactory bulb, small intestine and testis
[48]. Analysis of ENCODE CTCF libraries showed that
almost 4000 sites (12.59%) are bound in all ENCODE
tissues, and an additional 1800 sites have their occu-
pancy conserved in a minimum of 11 tissues. More than
6000 of all CTCF sites we identified appear to be liver-
specific (Additional file 2: Figure S2A) which might
partly be due to different experimental protocols and se-
quencing depth. Since CTCF binding is not tissue-
specific, the number of sites across tissues should be
comparable [30, 31]. This discrepancy would potentially
be resolved with better libraries for the other tissues that
yield a higher number of CTCF peaks so that we may be
able to identify more of these BL6-specific sites shared
in other tissues. When stratified based on their evolu-
tionary origin, the patterns above were similar in the
musculus-common set of CTCF binding sites; 98% (>
3900) of all CTCF sites bound in all 12 tissues were
musculus-common (Fig. 3a). On the other hand, slightly
over 1% of all BL6-specific CTCF sites were bound in all
12 tissues, and 41% of these sites (> 2800) were found
only in the liver (Fig. 3b).
We next investigated the relationship between CTCF
binding conservation and tissue distribution across evo-
lutionary classes of binding sites. We explored the tissue
distribution of CTCF binding across all of the 12 mouse
ENCODE tissues using the Shannon Index [51] which
quantifies the abundance and enrichment of binding
sites (Methods) and correlated these with occupancy
conservation. The results matched the findings above,
showing high Shannon index values across tissues to be
correlated with a greater degree of CTCF occupancy
conservation (Fig. 3c, rightmost panel). These trends
were strongest in musculus-common sites, with overall
higher density at higher values of the diversity index
(Fig. 3c, leftmost panel). The diversity index values for
the BL6-specific CTCF sites were much lower—a further
sign that subspecies-specific CTCF binding is predomin-
antly tissue-specific—while its occupancy in other tissues
is far more restricted.
We next compared the extent of tissue-shared binding
between BL6-specific and musculus-common CTCF
binding sites. While 50% of all musculus-common CTCF
sites are bound in more than five tissues, only 16% of
subspecies-specific sites bind in a minimum of five tis-
sues (Additional file 2: Figure S2B). The number of BL6-
specific sites identified in multiple tissues was lower than
would be expected based on their overall constitution of
the total set of sites, except for the sites identified in 3
tissues (chi-square with Bonferroni multiple testing
(See figure on previous page.)
Fig. 2 SINE transposable elements drive CTCF subspecies-specific binding. a The proportion of sequence mismatches/substitution from
consensus in SINE TEs for all TE superfamilies in the different evolutionary categories of CTCF sites, compared to a matched random set. b The
proportion of sequence masked by SINE repeat elements in conserved/subspecies-specific CTCF sites, compared to a matched random set. The
boxplots within each violin plot show the variation in extent of sequence masking for each category. The dashed grey line denotes the average
genomic sequence occupied by SINE TEs in all TE-masked sequences of the mouse genome. c Comparison of the total repeat element content
in CTCF, CEBPA and FOXA1 transcription factor binding sites between sites with orthologous binding in the other subspecies (musculus-common)
and subspecies-specific sites (BL6- and CAST-specific). All differences between subspecies-specific binding enrichment in repeat content with
either the repeat content of all TF sites or the musculus-common set where found to be statistically significant (Binomial test, all p values < 2.2e
−16). d Comparison of the total content of the SINE B2-B4 transposable element subfamily in CTCF, CEBPA and FOXA1 transcription factor
binding sites between sites with orthologous binding in the other subspecies (musculus-common) and subspecies-specific sites (BL6- and CAST-
specific). e The dependence of repeat element content of binding sites on signal strength for all CTCF binding sites, the subset of CTCF sites
within SINE B2-B4 elements, CEBPA and FOXA1 transcription factors. Within each transcription factor set, the data is binned in 10% bins based on
binding site signal strength as estimated from the number of ChIP-seq reads mapped
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correction, all p values < 2.2e−16, except for 3 tissues
where p value = 0.0083). We further calculated the ex-
tent of CTCF binding overlap between specific ENCODE
tissues and found that a substantial subset of both mus-
culus-common and BL6-specific sites are bound in mul-
tiple other tissues (Fig. 3d). BL6-specific sites were
underrepresented for each tissue compared to their
overall genomic distribution (chi-square test with Bon-
ferroni multiple testing correction, all p values < 2.2e
−16). Almost all BL6-specific binding sites we identified
in the liver are also present in the independent EN-
CODE liver experiments, demonstrating that there is
very little inter-individual (i.e. between biological repli-
cates) variation for these sites. We selected the top five
ENCODE tissues by the number of shared CTCF bind-
ing with our BL6-specific set for further analysis (Fig. 3e).
As expected, ENCODE liver has the most overlap with
our liver datasets and kidney has the next most similar
binding profile. For the BL6 binding sites, we identified
as musculus-common 67–85% are bound in these five
tissues, compared to only 26–49% of the BL6-specific
sites. The CTCF binding sites shared across at least one
of the five tissues constitute 13% of all of BL6-specific
CTCF sites, with only 4% (912) being bound in all tis-
sues. Thus, these results show that subspecies-specific
CTCF binding has relatively little variation between bio-
logical replicates and is more tissue-restricted than mus-
culus-common sites.
Regulatory signatures and functional impact of
subspecies-specific CTCF occupancy
To gain insight into the possible functional roles of evo-
lutionarily distinct CTCF binding classes, we examined
the genomic features near musculus-common CTCF
sites and subspecies-specific sites that were either tissue-
restricted or tissue-shared. We first calculated the dis-
tance from each CTCF binding site to the transcriptions
start site (TSS) of the nearest downstream gene. Regard-
less of the evolutionary class or tissue-distribution of the
binding site, we observed a large proportion of sites near
the TSS (median − 11 kb) (Fig. 4a). The majority of the
remaining sites lie more than 100 kb upstream of the
TSS, and CTCF binding is depleted directly downstream
of the TSS within the gene body.
To further explore the possible functional impact of
evolutionarily distinct CTCF binding classes, we exam-
ined the patterns of active histone modifications near
these regions. Specifically, we mapped their genome-
wide co-localisation with H3K4me3 and H3K27ac his-
tone modifications. For all evolutionary classes of CTCF
binding sites, 12–13% bind within active promoter se-
quences as characterised by the presence of the
H3K4me3 histone modification, and a further 3–6% co-
bind within active enhancers characterised by the pres-
ence of the H3K27ac histone modification alone. These
co-localisations are higher than observed for a matched
set of random genomic regions (binomial test with Bon-
ferroni correction, all p values < 0.001) (Additional file 3:
Figure S3A). We next investigated whether CTCF binds
close to these regulatory elements, which could also in-
dicate a functional role. 75% of all CTCF sites were
found within a 50-kb distance of regulatory element
(Additional file 3: Figure S3B), with promoters being the
nearest regulatory element to 52% of both musculus-
common and BL6-specific CTCF binding sites and 59%
in BL6 tissue-shared sites. We further found that the
majority of CTCF binding sites, regardless of evolution-
ary origin, are located significantly closer to active regu-
latory elements than a matched set of randomised
genomic sequences, with median distances of 22.7 kb
and 17.7 kb to their nearest promoter and enhancer,
compared to 105.6 kb and 75 kb for random regions, re-
spectively (Mann-Whitney U test, p value = 0.02)
(Fig. 4b). Taken together, the results indicate the poten-
tial for evolutionarily young CTCF sites involvement in
regulating gene expression through cooperation with
existing active cis-regulatory elements.
To investigate whether the various evolutionary types
of CTCF binding sites are associated with changes in
gene expression, we retrieved liver RNA-seq data from
Goncalves et al. [52] for both subspecies to identify dif-
ferentially expressed (DE) genes and their association
(See figure on previous page.)
Fig. 3 Almost 10,000 BL6 subspecies-specific CTCF binding sites are shared among five tissues. a, b UpSet plot of CTCF binding sites we mapped
in liver and their binding across 12 adult tissues as identified in the mouse ENCODE project [48] for musculus-common (a) and BL6-specific (b)
sites. The number of sites bound at each combination of tissues is indicated on the y-axis on the top bar chart. The rightmost bar on each UpSet
plot (boxed) indicates the number of CTCF binding sites that were not found to be bound in any other ENCODE tissue library. c Strong
association between tissue-wide CTCF binding and occupancy conservation across 12 tissues. The plots show the density of CTCF binding sites
across different tissue diversity values. The diversity values indicated on the x-axis were calculated using the Shannon Diversity Index (see the
“Methods” section). The red line is for the proportion of conserved CTCF occupancy within each bin of Shannon index, calculated based on the
number of CTCF sites bound for each category across tissues separately. d Tissue distribution analysis of CTCF binding sites found to be
musculus-common and subspecies-specific using ENCODE CTCF ChIP-seq data across 13 tissues. The heatmap indicates the overlap of musculus-
common/BL6-specific CTCF binding which also binds in ENCODE tissues, with the five most similar tissues for BL6-specific binding highlighted. e
Venn diagram highlighting CTCF BL6-specific sites that are shared between all of the five most similar tissues and those found in only one of
the tissues
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with CTCF binding. Around 25% (6725) of 1-to-1 ortho-
logous genes were significantly (FDR < 0.05) differentially
expressed between the two subspecies (Fig. 4c). We de-
fined a DE gene as associated with CTCF binding if it
was within 50 kb of a CTCF binding site. For all DE
genes, 91% (6101) were associated with the binding of a
CTCF site including 9% (624) overlapping a binding site
(Fig. 4d). CTCF binding events associated with DE genes
were proportionally similar for all evolutionary types of
sites, with 52–58% of all CTCF sites binding in ± 50 kb
window compared to only 30% for a matched set of ran-
dom genomic regions (chi-square tests with Bonferroni
multiple testing correction, all p values < 2.2e−16) (Add-
itional file 3: Figure S3C). Of the DE genes, 86% (5041)
were found to be associated with a musculus-common
CTCF binding site and 14% (822) with a BL6-specific
site, significantly more than would be expected given
their overall genomic distribution (chi-square test, p
value = 4.04e−16) (Additional file 3: Figure S3D).
To further investigate the potential differing effects of
CTCF binding on the up- and down-regulation of genes,
we investigated their association to different active regu-
latory regions. DE gene start sites overlapped histone
modifications characteristic of active promoters 85.5%
(5188) of the time and 11,652 enhancers were within ±
50 kb from DE genes associated with CTCF occupancy.
To analyse the effect of these various regulatory regions,
we divided the DE genes based on their regulatory pro-
file (Fig. 4e): 43.3% of DE genes overlapped an active
promoter signal, had at least one CTCF binding event
and had an active enhancer signal within 50 kb (CTCF +
promoter and enhancer); 35.5% DE genes had an active
promoter and a CTCF binding site (CTCF + promoter),
10.4% including CTCF with a nearby enhancer and
10.8% with only a CTCF binding site. When stratified by
the evolutionary origin, DE genes associated with BL6-
specific sites appear to be more downregulated across all
regulatory classes except for CTCF + enhancers, albeit
this difference was only significant for DE genes with a
CTCF + promoter (chi-square tests with Bonferroni
multiple testing correction, p values < 0.001). On the
other hand, musculus-common sites are more upregu-
lated, reflecting the overall general trend for all CTCF-
associated DE genes across all regulatory classes (Fig. 4e).
Upregulated DE genes showed no statistically significant
gene enrichments, but downregulated genes with active
promoters did (Additional file 3: Figure S3E). The top
biological process associated with all downregulated
genes was macromolecule metabolic process (GO:
0043170), which was also found to be significantly repre-
sented within all DE genes with either an associated
CTCF and promoter or CTCF, promoter and enhancer
(Additional file 3: Figure S3E), as well as downregulated
DE genes with BL6-specific binding and active promoter.
These results suggest that all evolutionary classes of
CTCF binding sites equally bind in the vicinity of other
cis-regulatory elements and might play similar roles in
downregulating gene expression.
Taken together, these observations illustrate that re-
cently evolved, subspecies-specific CTCF binding sites
mirror the pattern of musculus-common sites in their
distribution around genomic features and may perform
similar functions regardless of tissue-specificity.
Recent BL6 tissue-shared CTCF binding is TAD-boundary
associated
In order to establish the orientation of CTCF binding at
topologically associating domains (TADs), we scanned
musculus-common, BL6-specific tissue-shared and tissue-
specific CTCF sites for the presence of the M1 canonical
binding motif [35]. Whereas 95% of all musculus-common
sites harbour an instance of the motif within their se-
quence, significantly fewer BL6 tissue-shared sites (91%)
and BL6 tissue-specific sites (85.4%) contain the motif (bi-
nomial test, p values 7.1e−07 and < 2.2e−16 for tissue-
shared and tissue-specific, respectively) (Additional file 4:
Figure S4A left). Of BL6-specific tissue-shared sites that
did not have the canonical motif, 40% harboured one or
more alternative motifs (Additional file 4: Figure S4A
right, obtained from the CTCFBSDB 2.0 database [53]),
compared to a third of tissue-specific sites (Additional file
4: Figure S4A middle). Furthermore, in BL6 tissue-specific
sites the canonical motif was found at increased distances
from the summit than in musculus-common sites and co-
incided with a reduction in motif score (Kruskal-Wallis p
values all < 2.2e−16 for motif score and distance; Mann-
Whitney U tests, p values range from 5.3e−08 to < 2.2e
−16) (Additional file 4: Figure S4B). Only CTCF sites that
(See figure on previous page.)
Fig. 4 Regulatory signatures of BL6-specific CTCF binding. a Distribution of the distances of CTCF binding sites to the transcription start site (TSS)
of the nearest downstream gene based on their evolutionary class and tissue-distribution. The median is marked with a black point. b The
distance from musculus-common and BL6-specific CTCF sites to their nearest non-overlapping active regulatory region is shorter than that of
random genomic regions. The bar chart inset shows the type of regulatory element that is closest (but non-overlapping) to musculus-common
and BL6-specific CTCF sites. c Over 6000 1-to-1 orthologous genes are differentially expressed (DE) between BL6 and CAST. Significant DE genes
(FDR < 0.05) are highlighted against background of non-DE genes (grey) [29]. d CTCF binding is observed within a 50-kb distance of the vast
majority of DE genes. e BL6-specific CTCF binding associates more with downregulated DE genes than musculus-common CTCF binding, either
alone or with other associated active cis-regulatory elements. The bar plots display the proportions of DE genes associated with a CTCF binding
sites within 50 kb, with an active promoter, an enhancer, and both
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harbour the canonical motif were used to study CTCF as-
sociation with TAD boundaries.
We next examined the possible contribution of differ-
ent evolutionary classes of CTCF to large-scale 3D gen-
ome structure. We took advantage of HiC experiments
that determined the position of TAD boundaries in the
liver [29] and cortical neurons [54] to analyse the distri-
bution of CTCF binding sites in relation to TADs. The
distribution of CTCF binding distances to TAD bound-
aries is similar between all evolutionary categories of
binding sites in both tissues (Fig. 5a for cortical neurons
and Additional file 4: Figure S4C for liver). Specifically,
the majority of both musculus-common and species-
specific CTCF binding sites were located far (> 100 kb)
from TAD boundaries, with slight enrichment in the im-
mediate vicinity of the boundaries. To explore binding at
TAD boundaries in more detail, we limited our analysis
to ± 50 kb around TAD boundaries, where 30% (> 10,
000) of CTCF sites are bound. As expected, the enrich-
ment of musculus-common sites at TAD boundaries was
greater than for subspecies-specific sites [29, 44].
Though the majority of CTCF binding sites at TAD
boundaries are musculus-common, subspecies-specific
had proportionally similar enrichments at TAD bound-
aries (Fig. 5a) regardless of their tissue-distribution. Des-
pite the lower number of total TADs identified in the
cortical neurons [54] (a 33% reduction in the total num-
ber of TADs), the proportion of different evolutionary
classes of CTCF binding closely associating with TAD
boundaries remained roughly the same (Additional file
4: Figure S4D). This suggests that some TAD boundar-
ies, despite mostly being invariant across tissues [30],
may be in part maintained by tissue-specific CTCF
binding.
Musculus-common CTCF binding sites are signifi-
cantly overrepresented within a ± 50-kb window of a
TAD boundary compared to BL6-specific sites, both
tissue-shared or otherwise, based on their overall re-
spective genomic distributions (chi-square test, p value
< 2.2e−16) (Additional file 4: Figure S4E bar). To investi-
gate whether these TAD-boundary-associated CTCF
sites could be involved in TAD formation, we identified
the canonical CTCF motif orientation for binding sites
of all evolutionary types. Of TAD-boundary-associated
musculus-common CTCF binding sites, 70% were of a
favourable orientation (see diagram in Additional file 4:
Figure S4E), compared to only 57% of BL6-specific sites
(chi-square tests with Bonferroni multiple testing correc-
tion, all p values < 2.2e−16) (Additional file 4: Figure S4E
pie charts). As with distance to TAD boundaries and
motif scores, a large portion of tissue-shared BL6-
specific CTCF binding sites have a favourable orienta-
tion at ± 50 kb of the TAD boundary (66%), not signifi-
cantly different than musculus-common CTCF sites
(chi-square tests with Bonferroni multiple testing correc-
tion, p value = 0.21).
Of the TAD boundary-associated sites in a favourable
orientation, 33% (1622) are the only favourably oriented
site in ± 50 kb window from the boundary and are al-
most all musculus-common (> 98%) (Fig. 5b). However,
as the number of favourably oriented TAD-boundary-
associated CTCF sites increases, the proportion of mus-
culus-common only TAD boundary sites decreases. Al-
though very few BL6-specific sites are the only
favourably oriented CTCF site near TAD boundaries,
they more commonly appear in clusters of both muscu-
lus-common and BL6-specific binding sites (Fig. 5b).
This extends previous results on more diverged mouse
species [29, 44] and indicates that even evolutionarily
younger CTCF binding sites cluster with older muscu-
lus-common binding and may contribute to the main-
tenance of higher-order genomic architecture [29, 44].
Recently evolved tissue-shared CTCF binding efficiently
recruits cohesin
To form both large-scale and smaller-scale 3D genome
structure, CTCF can help stabilise cohesin and form a
chromatin loop (Fig. 5c, diagram). To quantify the extent
to which subspecies-specific CTCF binding can recruit
cohesin, we determined the level of co-location of CTCF
and cohesin in BL6 mice. We used our previously pub-
lished ChIP-seq data from two biological replicates of
adult mice livers for three proteins that form the cohesin
complex: RAD21, STAG1 and STAG2 [55]. RAD21 is
necessary for the formation of the core ring of the cohe-
sin complex, which is completed with either STAG1 or
STAG2 [56, 57]. We defined colocalised events as those
where at least two cohesin subunits overlap with CTCF
binding. All evolutionary classes of CTCF binding sites
colocalised with cohesin, with the highest fraction of
colocalisation (~ 80%) observed for musculus-common
CTCF sites. A significantly smaller portion of BL6-
specific CTCF sites (~ 50%) colocalised with at least two
cohesin subunits (chi-square test p value = 2.8 × 10−9).
However, the tissue-shared subset of the BL6-specific
sites (i.e. the ones bound in all five tissues in Fig. 3e)
colocalised with cohesin at the same level as the set of
all CTCF binding sites, and only slightly less than that of
the musculus-common sites (Fig. 5c). The increased abil-
ity of BL6-specific tissue-shared binding sites to recruit
cohesin in comparison to their more tissue-restricted
counterparts suggest that there is a fundamental differ-
ence in the function of these recently evolved CTCF
binding sites.
We next investigated whether the differences in cohe-
sin recruitment in BL6 tissue-specific sites can be ex-
plained by lower overall CTCF ChIP signal enrichment.
At the top 10% of the signal, almost all CTCF sites are
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associated with cohesin recruitment to the DNA, regard-
less of the evolutionary or tissue-specificity of the bind-
ing site (Additional file 4: Figure S4F). At the bottom
10% tier of the signal, only 56% of musculus-common
CTCF sites are associated with cohesin, and even fewer
at BL6 tissue-specific sites (38%). This indicates that re-
duced cohesin recruitment at lower ChIP signal is more
pronounced in BL6 tissue-specific sites. The reduction
of cohesin recruitment is generally increased even at low
CTCF ChIP signal values for BL6 tissue-shared sites.
This may in part due to the small number of CTCF sites
at lower tiers of signal intensity, though the proportion
of BL6-specific tissue-shared sites is similar across all
signal intensities (Additional file 4: Figure S4G). When
compared to all BL6-specific sites, those that are tissue-
shared make up over half of the sites in the top 40%
range of the signal, but the tissue-specific sites become
more predominant in the lowest 50%. These results
show that, though there is an overall difference in the
ChIP-seq intensities across different evolutionary classes
of CTCF binding sites, the correlation between CTCF
ChIP-seq intensity and cohesin scales similarly within
each class.
CTCF contributes to a lineage-specific interferon gene
and regulatory expansion
We next examined the genomic positions of CTCF bind-
ing sites colocalised with cohesin and noticed an ex-
treme but interesting example. Chromosome 4 of the
BL6 genome contains a cluster of 15 CTCF-cohesin sites
colocalised and tissue-shared binding sites within 58 kb,
with all sites of similar lengths and with comparable
ChIP-seq signal strength (Fig. 6a). There is no detectable
presence of either musculus-common or tissue-specific
CTCF binding, indicating that this region is uniquely
bound in a subspecies-specific and tissue-shared man-
ner. This genomic cluster is unlikely to be the result of a
genome assembly artefact as it is contained within a sin-
gle clone within the reference BL6 mouse genome as-
sembly (https://www.ebi.ac.uk/ena/data/view/AL928605).
Interestingly, each of the 15 CTCF-cohesin sites within
this region is upstream from a transcription start site of
an immunity-related gene of the type 1 interferon zeta
(Ifnζ) family. We have manually re-evaluated the annota-
tion for all of the genes in the cluster and found the an-
notation to be largely correct (see the “Methods”
section). The majority are novel/predicted protein cod-
ing genes are part of the comprehensive GENCODE an-
notation [58], with supporting transcript level evidence
[59, 60]. The 15 Ifnζ genes are also known as limitin and
have previously been identified as a mouse-specific gene
family expansion [61, 62].
To more closely investigate the evolutionary origin of
this gene cluster, we examined whole genome align-
ments within the rodent clade. Most of the BL6 gene
cluster has no alignable regions in the genome of CAST,
rat (Fig. 6a) or any of the other 13 mouse strains/species
in pairwise alignments available in Ensembl version 91
[63]. This cluster was characterised by a strikingly differ-
ent distribution of transposable elements compared to
the neighbouring regions. There was no detectable SINE
or Long Interspersed Nuclear Elements (LINE) transpo-
sons, with the only repeat elements present all belonging
to the Long Terminal Repeat (LTR) ERVK subfamily
(Fig. 6a). These LTR-ERVKs were between 450 and 550
bp in length and located in intergenic regions, around
500 bp up/downstream from gene bodies. The only de-
tectable repeats in this region were six short simple re-
peats (average length 50 bp), which are unlikely to be
from transposable elements. The LTR-ERVK elements
did not colocalise with binding of the CTCF-cohesin
complex or CTCF alone. The LTR-ERVKs, CTCF-
cohesin bound regions and genes in this cluster exhibit
high sequence similarity for large portions of their
lengths (Fig. 6c). Given that LTRs have been shown to
have regulatory activity in gene family expansions [64],
we examined the enrichment of specific histone modifi-
cations from ENCODE [48]. Each CTCF-cohesin bind-
ing site was also found to overlap in the liver with
H3K27ac predictive of regulatory activity [65] and
H3K4me3 predictive of promoter function [66] (Fig. 6b).
Hi-C maps of 3D genomic interactions of the 200-kb
(See figure on previous page.)
Fig. 5 Recent BL6 tissue-shared CTCF binding is TAD-boundary associated and efficiently recruits cohesin. a Plot of the distances of CTCF binding
sites to the nearest topologically associated domain (TAD) boundary reported in Bonev et al. [54] for each evolutionary type of site. The inner box
focuses on the region − 50 kb and + 50 kb from the nearest TAD boundary and shows the percentage of CTCF sites from each evolutionary type
at 10 kb intervals. b TAD boundaries with increasing number of associated CTCF binding tend to comprise of a cluster of both musculus-common
and BL6-specific binding sites. The bar plot (top) shows the number of CTCF sites associated with each TAD boundary (i.e. within 50 kb) and in a
favourable motif orientation from cortical neurons. The circles (bottom) display the evolutionary make-up of sites associated with TAD boundaries,
with the number of sites per category denoted inside the circles. The size of the circles indicates the proportion of CTCF sites belonging to each
of the three classes (BL6-specific only, musculus-common only and a mixture of both) at increasing number of TAD boundary-associated CTCF
sites. c The percentage of all CTCF binding sites and those of different evolutionary classes for which colocalisation with a cohesin complex
protein was found. The asterisks indicate the significance of a Chi-square goodness of fit test for 2 cohesin subunits colocalising with CTCF
between all CTCF sites and those found to be subspecies-specific (p value = 2.8 × 10−9). The schematic diagram next to the bars is an overview of
the structure of the cohesin complex
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locus [54, 67] show that these genes belong to the
same TAD, with only weak long-range interactions to
neighbouring genomic regions (Additional file 5: Fig-
ure S5 top), suggesting that they are co-regulated.
Examination of RNA-seq data for the thymus, spleen
and liver available in Ensembl show low levels of
transcriptional activity for genes in this cluster com-
pared to neighbouring genes from outside the cluster
(Additional file 5: Figure S5 bottom). These results
show that the Ifnζ gene cluster is not only musculus-
specific, but a more recent subspecies-specific tandem
duplication event restricted to BL6. The gene cluster
expansion and/or regulation of gene expression might
have been facilitated by the presence of recently
evolved transposable elements.
Interestingly, despite the lack of alignable regions in
more closely related species, LASTz whole genome
alignments with other eutherian mammals revealed that
14 of the 15 genes in the BL6-specific cluster are aligned
with high coverage (50–100%) to a single gene in the pig
[63, 68]. The predicted pig protein-coding gene is lo-
cated on chromosome 1 (ENSSSCG00000039987) and
has 13 paralogues within a 470-kb cluster, albeit sepa-
rated by 24 intervening genes (Additional file 6: Figure
S6). All the genes belong to the Ensembl protein family
PTHR11691 (Interferon Precursor), which has only a
single member outside the cluster. Similar to the BL6
cluster, this region is enriched with LTRs punctuating
the intergenic regions. Compared to the surrounding
genomic regions, this pig cluster has lower GERP con-
servation scores with less constrained elements, indicat-
ing a more recent evolutionary origin. Motif discovery
analysis of 1 kb regions around the 14 gene paralogues
revealed that almost all have a CTCF binding motif less
than 100 bp from the transcription start site (Additional
file 6: Figure S6C). These results support previous sug-
gestions of lineage-specific expansions of IFNδ in the
porcine lineage and IFNζ in the mouse lineage from a
more ancient IFN gene [62] and may be an example of
convergent evolution.
Discussion
Recent studies have demonstrated the regulatory poten-
tial of species-specific transposable element insertion in
primates, especially in tissue-specific contexts [49, 50].
In particular, the emergence of novel CTCF binding by
repeat expansion is a mechanism known to have repeat-
edly reshaped the genomes of highly diverged mammals
[32, 35]. In the mouse genome, very recent waves of ex-
pansions of SINE B1 and SINE B2 transposable element
subfamilies are known to have created many novel
CTCF binding sites not present in rat [37, 69]. Here, we
use two very closely related mouse subspecies, Mus mus-
culus domesticus (BL6) and Mus musculus casteanus
(CAST), separated by only 1 million years of evolution
to reveal the speed of repeat expansion associated CTCF
binding and to suggest potential functions for these
young sites.
It has previously been shown that a large fraction of
hominidae-specific transcription factor binding sites,
when compared to ancestral human-mouse shared ones,
are enriched near genes implicated in specific pathways
and may therefore have distinct biological functions
[70]. However, mouse and rat species-specific CTCF
sites have comparable functional effects to shared sites
on chromatin domain demarcation and transcriptional
regulation [35]. To investigate the potential biological
function of even younger transcription factor binding
sites, we compared the genomic locations and gene
function enrichment of subspecies-specific CTCF sites
with sites common between BL6 and CAST. We found
that they are mostly indistinguishable in the gene fea-
tures they bind, distance to transcription start sites or
TAD boundaries. Our results illustrate how these evolu-
tionarily young CTCF sites have been captured into op-
erational regions of the genome and adopted functions
similar to musculus-common sites. This observation is
in line with the observation that species-specific CTCF
binding sites cluster with species-shared sites to provide
functional redundancy [44]. The final conclusions on the
biological function of lineage-specific CTCF sites will
(See figure on previous page.)
Fig. 6 Evidence of a tandem duplication event of BL6-specific CTCF binding sites on Chromosome 4 in multiple tissues linked to the expansion
of a family of interferon genes. a A summary view of 200 kb on Chromosome 4 band C4 of the BL6 genome. The top two tracks show the CTCF-
cohesin bound genomic regions in musculus-common and BL6-specific tissue-shared sites. The next track in blue shows the read coverage for
CTCF BL6-specific tissue-shared binding sites. All genes in the 200-kb window are denoted below in red, with arrowheads indicating the direction
of transcription. The pairwise alignments of the BL6 region to CAST (yellow) and rat (purple) show a noticeable lack of any orthologous regions in
either species. The repeat content of the genomic region is shown in the bottom three grey tracks, illustrating the noticeable lack of any large-
scale repeat elements in the highlighted region. b A zoomed-in view of the 57.6 kb region 4:88752534-88810107 in which BL6-specific CTCF-
cohesin colocalised binding was observed. The top two tracks in orange and brown indicate read coverage signal from H3K4me3 and H3K27ac,
respectively. The next five tracks in blue indicate CTCF ChIP-seq read coverage in five tissues (described in Fig. 2) and illustrated that these CTCF
sites are also bound in other tissues. The 15 interferon zeta cluster genes are shown below the tracks. c Heatmap of the extent of sequence
between similarity in a multiple sequence alignment of the 15 CTCF-cohesin binding sites and interferon zeta genes on the C4 band of BL6
chromosome 4. The dendrogram on the left is generated from the overall sequence similarity of each region. Coordinates represent the start and
end positions of each binding site
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require more targeted in vivo studies, such as CRISPR-
Cas9 of individual CTCF sites or conditional knock-
downs of CTCF.
It has also been shown that tissue-shared CTCF binding
is more conserved than tissue-specific CTCF binding [70,
71], but the functional differences between tissue-shared
and tissue-specific young CTCF sites have not yet been in-
vestigated. By determining the tissue-distribution of CTCF
binding of evolutionarily young CTCF sites, we found sig-
nificant differences between tissue-shared and tissue-
restricted sites. Most subspecies-specific sites are re-
stricted in their tissue distribution, but many are still
bound across multiple tissues originating from all three
germ layers. These subspecies-specific tissue-shared sites
are almost as likely to be colocalised with cohesin as mus-
culus-common, and far more than other subspecies-
specific sites. This suggests that these tissue-shared,
subspecies-specific sites have a greater regulatory potential
and are more likely to adopt functional signature than
their cell-type-specific counterparts. Due to the resolution
of available Hi-C experiments for determining 3D genome
structure, we could not establish whether pairs of coloca-
lised CTCF-cohesin subspecies-specific sites are impli-
cated in forming chromatin loops. Most pairs of sites were
too close to musculus-common CTCF-cohesin regions, or
too close to each other, to be able to establish their con-
tacts. Further chromatin capture experiments with higher
resolution are needed to investigate loops associated with
these sites and to establish the extent to which CTCF
subspecies-specific sites contribute to transcriptional regu-
lation either in tissue-shared or tissue-restricted scenarios.
There have been previous reports of clustered expan-
sion of functional genes of the interferon alpha family
between the BL6 and 129/5v mouse strains [72]. Simi-
larly, the expansion of the Abp gene cluster is well de-
scribed in mice and is associated with transposable
elements [37, 64]. We found an example of a BL6-
specific gene cluster and CTCF binding expansion of the
type 1 interferon zeta family is associated with a specific
LTR expansion, and evidence of a similar expansion in
pig. The LTRs may either have served to duplicate the
genes through non-allelic homologous recombination or
helped provide binding sites for regulatory factors [73].
Within this gene cluster, subspecies-specific CTCF bind-
ing colocalised with cohesin and histone modifications
indicative of active promoter function, and the genes
show transcriptional activity. This suggests that CTCF
may have helped established 3D genome structure and
transcriptional regulation within the locus. The mouse
gene cluster has not been well-described in the litera-
ture, though it is known to be a mouse-specific expan-
sion [62]. Characterisation of the larger area around the
subspecies-specific gene cluster revealed that this inter-
feron locus in the mouse has a number of orthologues
in the human interferon locus on chromosome 9, but
the smaller subspecies-specific cluster was completely
overlooked in part due to concerns of an assembly arte-
fact [72, 74]. Our detailed manual curation of the genes
within the cluster, and confirmation that the region is
contained within a single BAC clone, disprove assembly
artefacts in the region. Further exploration of the genes
in the locus is difficult due to many subsequent changes
to names or gene IDs, and due to changes to the
protein-coding status of some genes as transcriptional
evidence improved. The evolution of species-specific
regulatory elements along with lineage-specific gene
clusters, as we show in this paper, may yet turn out to
be a more common than thought.
Methods
Liver ChIP-seq libraries from two closely related Mus
subspecies were obtained for Mus musculus domesticus
(C57BL/6 J or BL6) from Thybert et al. [37], and for Mus
musculus castaneus (CAST) from Kentepozidou et al.
[44], each with three biological replicates. Liver ChIP-
seq libraries for CEBPA and FOXA1 were retrieved from
Stefflova et al. [47] for both subspecies in biological trip-
licate. Liver ChIP-seq libraries for H3K4me3 and
H3K27ac were obtained for C57BL/6 J (BL6) from Wong
et al. [75], each with three biological replicates. Liver
RNA-seq libraries for six biological replicates for both
subspecies C57BL/6 J and M. m. castaneus were re-
trieved from Goncalves et al. 2012 [52]. ChIP-seq data
for three cohesin-complex subunits (Rad21, STAG1 and
STAG2) in the liver, two biological replicates for each
subunit, from adult male mice and matched controls
were retrieved for BL6 from Faure et al. [55]. TAD
boundary domains were retrieved from Vietri Rudan
et al. [29] and Bonev et al. [54]. CTCF and histone modi-
fications H3K4me3 and H3K27ac ChIP-seq libraries
across adult mouse tissues were retrieved from the EN-
CODE Project data repository for BL6 adult (8 weeks)
male mice and 13 tissues: liver, lung, bone marrow, bone
marrow macrophages, cortical plate, cerebellum, heart,
kidney, thymus, spleen, olfactory bulb, small intestine
and testis [48].
ChIP-seq sequence alignment and peak calling
All libraries were retrieved as raw ChIP-seq FASTQ
reads were subject to quality control using standard pa-
rameters in FastQC version 0.11.5 [76]. Good quality
reads (min Phred score ≥ 30) were subsequently aligned
to most recently available genome assembly in Ensembl
(GRCm38 for BL6 and CAST_EiJ de novo assembly
downloaded from ftp://ftp-mouse.sanger.ac.uk/, and
available in Ensembl version 84 for CAST). We aligned
the sequence reads to the reference genomes using
BWA version 0.7.12 [77] for each biological replicate
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and control. Aligned reads were afterwards filtered for
duplicate and non-unique reads, sorted and indexed
using SAMtools version 1.2 [78]. CTCF binding sites
were identified by peak calling from aligned sequence
reads using MACS version 2.1.0 [79] with a p value
threshold of 0.001 to call peaks representing CTCF
bound regions. Peaks found in at least two biological
replicates were used for downstream analysis. Motif ana-
lysis focused on the summit point (± 50 bp) of each iden-
tified CTCF binding sites using the MEME suite version
4.10.2 [80, 81]. The most overrepresented motif found in
each dataset is reported in Fig. 1b. CTCF binding site
characterisation in terms of gene feature occupancy and
proximity to downstream gene bodies was performed
using the annotatePeaks.pl tool from HOMER (Hyper-
geometric Optimization of Motif EnRichment) suite
(v4.11) with annotation from the most recent mouse
genome assembly (GRCm38) [82].
Interspecies comparisons
Interspecies comparison between BL6 and CAST was
performed first using a multiple alignment of 15 de novo
assemblies of laboratory and wild-derived strains ge-
nomes within Mus musculus [42, 46]. Orthologous re-
gions with a CTCF binding site present in orthologues
alignment regions in both species was considered a
“musculus-common” site, while sites found in only one
of the species, but absent from the other, was considered
“subspecies-specific”.
Repeat masking of CTCF binding sites
CTCF binding regions from musculus-common and
species-specific sets of the data for both species were
screened for repeat elements using RepeatMasker 4.0.5
[83] using the rodent repeat libraries from RepBase
(v20140131) for the two murine species, with the cross_
match search engine, masking for interspersed and sim-
ple repeats. Fragmented hits found to be part of the
same repeat were merged as one.
To calculate the background representation of the 4
superfamilies of transposable elements (TEs) (SINEs,
LINEs, LTRs, DNA transposons) in the mouse genome
for comparison with musculus-common and BL6
subspecies-specific sites enrichment, the sum total of the
sequences occupied by each TE superfamily divided by
the total length of the genome. We retrieved the full set
of TEs for the C57BL/6 J mouse genome from those
published in Thybert et al [37]. To derive the random
set of genomic sequences, we used the BEDTools ver-
sion 2.2.5.0 [84, 85] shuffle tool to generate sequences
equal in number and length to the total number of
CTCF peaks obtained from our ChIP-seq libraries. Ran-
dom sequences were matched for the chromosomes but
were non-overlapping with any of the genomic regions
in the CTCF peaks set.
We used the intersection between CTCF peaks and
the full set of the four TE superfamilies to derive the
proportion of sequence occupied in each CTCF binding
site and the relative age of the repeat element present.
To determine the fraction of sequence occupied, we
used BEDTools intersect 2.2.5.0 with the option -wo to
return the overlap between the peak sequence and the
repeat, then divided the overlap by the total length of
the peak to obtain the percentage of sequence occupied
by TE for every individual peak and random sequence.
We estimated the relative age of a repeat element from
the percentage of sequence substitutions in each repeat
from the consensus sequence of that element. The
higher the percentage of substitutions in TEs compared
to the consensus, the older the sequence is.
Repeat content analysis of liver-specific transcription
factors (TF) binding sites
Raw ChIP-seq libraries from Stefflova et al. [47] were
used for repeat content comparison to other two liver-
specific transcription factors, CEBPA and FOXA1 for
both mice subspecies. In each case, three biological rep-
licates from different 8-week-old male mice and a
matched control liver sample from another animal.
Peaks found in at least two biological replicates out of
the three were used for all downstream analysis. The
raw FASTQ sequence was run through the same pipe-
line outlined earlier for CTCF peak calling. Interspecies
comparison and repeat masking were also performed as
described above for CTCF.
For studying the correlation between repeat content
and the signal intensity of the TF binding site, all data-
sets for each transcription factor and CTCF in both sub-
species were subsequently divided into ten 10% bins
based on descending intensity of the ChIP-seq signal for
each of the three evolutionary classifications: musculus-
common, BL6-specific and CAST-specific. The repeat
content for each bin of TF binding sites was then deter-
mined using the methodology detailed above.
Cross-tissue analysis of species-specific CTCF binding
CTCF ChIP-seq data for BL6 adult (8 weeks) male mice
were retrieved from the ENCODE Project data reposi-
tory [48] for 12 tissues: lung, bone marrow, bone mar-
row macrophages, cortical plate, cerebellum, heart,
kidney, thymus, spleen, olfactory bulb, small intestine
and testis. We additionally used ENCODE libraries for
the liver as a technical replicate to identify CTCF bind-
ing sites common in multiple tissues. In each case, two
biological replicates from different 8-week-old male mice
were used, and a matched control tissue sample from
another animal. Peaks found in both of the two
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biological replicates were used for downstream analysis.
The raw FASTQ sequence data were used and run
through the same pipeline as outlined earlier for liver
CTCF peak calling.
We used the overlap between our liver-derived CTCF
peaks and the peaks from every ENCODE tissue to de-
termine the tissue-sharedness of musculus-common and
BL6-specific binding sites, using BEDTools intersect
2.2.5.0 with the options -wa -wb. UpSet plots were gen-
erated using the ComplexHeatmap package in R [86].
To calculate the CTCF diversity index across ENCODE
tissues, we used the log10 of the p value at peak summit
computed by MACS version 2.1.0 during the peak calling
step. For each liver-derived CTCF peak, if that peak was
bound in an ENCODE tissue, the p value for the binding
of CTCF was retrieved. These values were subsequently
used to calculate the Shannon Diversity Index for each tis-
sue using Vegan package in R [87]. CTCF occupancy con-
servation across tissues was calculated as the fraction of
CTCF peaks whose occupancy is conserved within each
bin of the Shannon diversity index.
Based on the results of the ENCODE tissue analysis,
BL6-specific sites were then defined as tissue-shared or
tissue-specific. Tissue-shared sites were CTCF binding
sites found to be the intersection of all BL6-specific
binding sites from the top four ranking tissue, plus the
ENCODE liver technical replicate. All other BL6-specific
sites were deemed tissue-specific.
CTCF occupancy at TSS and proximal active regulatory
elements
CTCF binding sites regions were analysed with GREAT
version 3.0 [88] using default parameters to determine the
distance from each CTCF site of each category to the
nearest transcription start site (TSS). All CTCF sites more
than ± 100 kb from the nearest TSS were pooled together.
Liver ChIP-seq libraries for H3K4me3 (a histone modifi-
cation predictive of active promoter regions) and H3K27ac
(a histone modification predictive of active promoters and
enhancers [65]) were obtained for C57BL/6 J (BL6) from
Wong et al. [75], each with three biological replicates.
Reads were aligned, filtered and peaks were called using the
methodology explained above for liver CTCF binding sites.
Only peaks common to a minimum of two replicates were
used to define active regulatory elements. A promoter re-
gion was defined by the localisation of either H3K4me3
only, or with overlapping H3K27ac signal, whereas en-
hancers were defined by the presence of the histone modifi-
cation H3K27ac alone within the peak region.
Co-localisation of TF binding sites with regulatory ele-
ments was defined using an intersection of at least 1 bp
between the TF binding site and the regulatory element.
BEDTools intersect 2.2.5.0 with the option -wa -wb was
used to retrieve all overlaps between binding sites and
active regulatory regions.
CTCF proximity to active regulatory regions was mea-
sured using BEDTools closest 2.2.5.0, with the options
-D ref. and -mdb all against all active regulatory region
to return only the closest enhancer/promoter but not
both at the same time. We excluded any sites whose dis-
tance to the CTCF binding site is 0 (i.e. overlaps the
binding site) as these sites have already been considered
for the co-localisation analysis outlined earlier.
RNA-seq and differential expression analysis
RNA-seq libraries for all biological replicates for BL6
and CAST were aligned to their respective genome using
STAR 1.5.2 [89] with default parameters. HTSeq [90]
was used to count raw RNA-seq reads mapping back to
annotated genes for both subspecies. Raw reads for all
12 biological replicates were passed to DESeq2 1.28.1
[91] for differential gene expression analysis to calculate
fold change between CAST and BL6, using ‘apeglm’ for
Log Fold Change (LFC) shrinkage. Genes were deemed
differentially expressed (DE) using adjusted p value cut
off and false discovery rate (FDR) of 0.05.
The distance from each CTCF binding site to its nearest
DE gene was calculated using the BEDTools closest 2.2.5.0
tool. Definitions of up/downregulation were based on the
log2 fold change of expression in BL6. If more than one
CTCF binding site was found in a 50-kb window of the
gene body, their evolutionary class-assignment was per-
formed as follows: if there were more musculus-common
sites than either of the BL6-specific varieties, the DE gene
was considered associated with a musculus-common
CTCF site. If no musculus-common CTCF site was
present (or in few cases, in equal number to either of the
two types of BL6-specific sites), the DE gene was said to
be associated with BL6-specific site, tissue-shared or
otherwise based on the type of site(s) present.
To identify active regulatory elements nearby CTCF-
associated DE genes, we used the definitions of active
promoters and enhancers set above in section (CTCF
occupancy at TSS and proximal active regulatory ele-
ments). An active promoter was assigned to a DE gene if
the promoter sequence overlapped the gene start. In all
cases, only a single active promoter sequence was
assigned to each DE gene when identified. Owing to
their orientation-free mode of action, there were no re-
straints on enhancer assignment in terms of position or
number in the ± 50-kb window.
Gene enrichment analysis for all sets of DE genes was
performed using the analysis tool from the PANTHER
Classification System [92–94]. Gene Ontology (GO)
search for most over/underrepresented genes in each set
at an FDR cut-off value of 0.05 using Fisher’s exact test.
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TAD boundary association analysis
FASTA sequences from the CTCF binding sites were
obtained using BEDTools getfasta 2.2.5.0. Sequences
were then scanned for CTCF canonical binding motif
(M1) JASPAR database (JASPAR motif MA0139.1) using
the MEME suite motif scanning function Find Individual
Motif Occurrences (FIMO) with default parameters [80,
81]. We used FIMO-assigned CTCF motif orientation
and motif scores for further downstream analysis. In the
case of CTCF binding sites with more than one instance
of the M1 motif in their sequences, the motif that is
closest to the summit of the replicate where the peak
signal was at its highest, as defined by the output of
peak-calling step using MACS, was selected for down-
stream analysis. CTCF sites with 0 motif instance in the
BL6-specific set of CTCF sites were subject to further
motif scanning using alternative CTCF motifs, retrieved
from CTCFBSDB 2.0 [53] (http://insulatordb.uthsc.edu/
download/CTCFBSDB_PWM.mat). Visualisation of both
the canonical motif and the alternative motifs was per-
formed using the position weight matrices for each motif
as obtained from their respective sources and carried
out using the PWMScan from PWMTools [95].
To calculate the distance from each CTCF binding site
to the nearest up/downstream TAD boundary, mouse
liver and cortical neurons TAD boundary data from Vie-
tri Rudan et al. [29] and Bonev et al. [54], respectively,
were used. For the liver data, we defined the TAD
boundary as the start or end nucleotides for every TAD
in that dataset. The distance from each TF binding site
and its nearest TAD boundary was measured using the
BEDTools closest 2.2.5.0 tool.
CTCF-cohesin colocalisation analysis
Genomic regions where at least two cohesin subunits
peaks overlap were merged using BEDOPS version 2.4.30
[96], and cohesin merged regions overlapping with muscu-
lus-common/BL6-specific/BL6-tissue-shared from our
CTCF liver binding sites were identified. The intersection
analysis was done for CTCF co-occupancy with two and
three subunits, owing to the significantly fewer number of
ChIP-seq peaks retrieved from the STAG1 data.
To investigate the correlation between the evolutionary/
tissue-specificity type and cohesin-recruitment by CTCF,
we divided each set of CTCF binding sites into ten 10%
bins based on descending ChIP-seq signal. ChIP signal in
this context referred to the read pileup per peak from the
replicate where the peak signal was at its highest, for each
of the three evolutionary/tissue-specific classifications:
musculus-common/BL6-specific/BL6-tissue-shared. CTCF
ChIP-seq signal intensity was then compared to the level
of cohesin recruitment, defined as the fraction of CTCF
sites belonging to each evolutionary/tissue-specific type
that falls within a 2-subunit cohesin-bound region.
Chromosome 4 interferon-zeta gene-cluster analysis
CTCF binding sites coordinates in bed format along with
ChIP-seq coverage reads in those regions were uploaded
for display on the Ensembl genome browser version 89
[63]. These included reads from the liver and the other
four tissues, plus ChIP coverage reads from two histone
marks for liver, H3K4ac27 and H3K4me3, from the EN-
CODE data repository. Ensembl genome browser was
used to display gene annotations, pairwise alignments
with CAST and Rat, repeat elements enrichments for
transposons and LTRs and genomic annotations. Se-
quence similarity for the 15-gene cluster, upstream
CTCF binding regions, and the complete 15 constructs
of CTCF binding sites plus the gene sequence plus ±
500 bp were determined using Clustal Omega [97], using
default parameters.
We utilised the Comparative Genomics tool of the
Ensembl Genome Browser to look at the BLASTz/
LASTz whole genome alignment between the Chromo-
some 4 Interferon-zeta gene-cluster and all available
pairwise alignments with other organisms [63]. An
orthologous gene was found in the pig genome whose
target sequence matched 14/15 from the mouse cluster
with Query %id of > 50%. We used BLAST/BLAT to
scan the pig genome for paralogues to the gene based on
sequence similarity. As with the mouse cluster, Ensembl
genome browser was used to display gene annota-
tions, repeat elements enrichments for transposons
and LTRs and GERP scores. Next, we scanned the 1-
kb sequences upstream of each gene’s TSS for the en-
richment of motifs using MEME (4.12.0), setting 5 as
a maximum number of motifs, and a motif width be-
tween 6 and 50 bp. The top 5 motifs from all up-
stream sequences were subsequently submitted to
TOMTOM (2.14.0) to search available databases for
annotated motifs to match [80, 81].
The manual annotation review of the locus on
chromosome 4 determined that the annotation of the re-
gion was essentially correct with only a couple of minor
issues identified and corrected. Specifically, Gm16686
was identified as a spurious protein-coding gene that
had already been removed from RefSeq and was flagged
for removal in GENCODE release M19. RP23-400P11.4
was added as novel interferon pseudogene located at
BL6 chr4:88754471-88754678 due to the clear pseudo-
genic characteristic of a significantly truncated 3′ end.
Finally, we reviewed Gm13286, which is annotated as a
pseudogene in GENCODE, but considered protein-
coding by RefSeq. It has a premature STOP compared to
other family members, though it only loses the last 3aa
of the typical protein. Based on the GENCODE annota-
tion guidelines, Gm13286 is correctly annotated as a
pseudogene although the coding status should be further
investigated to make a definitive determination.
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Additional file 1: Figure S1. Repeat content analysis of CTCF binding
sites. A) Horizontal bar chart shows the proportion of major TE
superfamilies in CTCF binding sites that are masked by repeat elements.
The top bar represents the percentage each TE superfamily occupies in
all repeat masked sequences in the BL6 mouse genome as a
background. B) 100% stacked bar plot of the proportions of the most
common families of SINE TEs in all sequences masked by SINE elements
in the different types of CTCF binding sites (The Alu family in the panel
refers to the Alu/B1 rodent-specific family). C) Box plot of the percentage
of sequence mismatches/substitution from the TE consensus sequence
within TE superfamilies and across different evolutionary categories of
CTCF sites, compared to a matched random set. CTCF BL6-specific sites
have significantly lower levels of sequence mismatches in their TE-
derived sequences (median = 17%) than either musculus-common sites
(22%) or randomised genomic regions (21%) (Mann Whitney U test, both
p-values < 2.2e-16). D) The characterisation of the different categories of
repeat elements in the binding sites of CTCF and the two TFs from Fig.
2c shows that the CTCF has a distinctive TE profile. While the types of TE
in the binding sites of CEBPA and FOXA1 widely vary between them and
within their binding sites depending on their evolutionary status, SINE
B2-B4 elements almost exclusively make up all TE-derived occupancy in
CTCF regardless of subspecies-specificity. The sizes in each plot are pro-
portional to the sequence occupied by each type of repeat element, and
their overall proportion of the total binding site sequence masked by TEs
according to their evolutionary status.
Additional file 2: Figure S2. Tissue distribution analysis of CTCF
binding sites. A) UpSet plot of the liver-derived CTCF binding sites found
across the 12 mouse ENCODE tissues for all sites. The number of sites
bound at each combination of tissues is indicated on the y-axis on the
top bar chart. The original plot was reduced to these 26 combinations
representing only highly tissue-shared and tissue-specific. The rightmost
bar on each UpSet plot (boxed) indicates the number of CTCF binding
sites that were not found to be bound in any other ENCODE tissue li-
brary. B) Bar plot of the proportion of CTCF binding sites bound in as-
cending number of tissues in conserved versus BL6-specific sites. The y
axis represents the cumulative percentage of binding sites found at the
minimum number of tissues on the x axis. The dashed grey line denotes
the minimum number of tissues at which 50% sites are shared.
Additional file 3: Figure S3. BL6-specific binding exhibits similar regu-
latory signatures to musculus-common CTCF binding. A) Bar chart dis-
playing the proportion of CTCF sites in terms of their evolutionary/tissue-
specificity at active promoters (H3K4me3 or H3K4me3 + H3K27ac) and en-
hancers (H3K27ac only) against a matched set of random, non-
overlapping genomic regions. B) Empirical cumulative density function
plot for the distance between CTCF binding sites and their nearest, non-
overlapping regulatory element, separated based on their evolution/cell-
type specificity. The horizontal dashed grey line indicates the fraction at
which 75% of all CTCF sites are at in relation to their distance to the near-
est regulatory element, with the vertical marking that distance to 50 kb.
The purple line indicates the distance from the random set of regions to
their nearest non-overlapping regulatory element. C) Plot of the distances
of CTCF binding sites to the nearest DE gene against a matched set of
random, non-overlapping genomic regions. The inner box focuses on the
region − 50 kb and + 50 kb from the nearest DE gene and shows the per-
centage of CTCF sites from each evolutionary type at 10 kb intervals. D)
The bar plot (top) shows the number of CTCF sites associated (in ±50 kb
window) with DE genes for each evolutionary type of site. The circles
(bottom) break down CTCF-associated DE genes based on their differen-
tial regulation (up/downregulation), with the number of sites per cat-
egory denoted inside the circles. The size of the circles indicates the
proportion of CTCF sites belonging to the up/down categories for each
evolutionary type of CTCF sites. E) Gene enrichment analysis results for
the downregulated DE genes associated with BL6-specific CTCF binding
and an active promoter (within ±50 kb window of the gene). Gene Ontol-
ogy (GO) biological processes in italic were identified in gene enrichment
analysis of all DE genes associated with BL6-specific CTCF binding, an ac-
tive promoter. The one in bold was additionally identified in the analysis
of all DE genes associated with BL6-specific CTCF binding, an active pro-
moter and enhancers.
Additional file 4: Figure S4. BL6-specific CTCF binding motif character-
istics, TAD-boundary occupancy, and cohesin recruitment. A) Bar plot
(left) of the proportions of musculus-common and BL6-specific (tissue-
shared and tissue-specific) CTCF binding sites lacking the canonical M1
motif in their peak sequence. The asterisks indicate the significance of
Chi-square test (p-value < 0.0001) for BL6 Tissue-shared sites versus the
other two categories. The smaller bar plot (middle) shows the proportion
of those 0-motif BL6-specific CTCF sites (boxed) in which one of the other
CTCF motifs from CTCFBSDB 2.0 (rightmost) were alternatively identified.
B) Box plots of the distribution of non-overlapping motifs (> 0) distance
to the peak summit in bp (left) and the motif scores as calculated from
the information content (PWM) of the canonical motif (right) according
to their evolutionary/tissue-specificity status. C) Plot of the distances of
CTCF binding sites to the nearest topologically associated domain (TAD)
boundary reported in Vietri-Rudan et al. [29] for each evolutionary type of
site. D) Despite a 33% reduction in the number of TADs between liver
(Vietri-Rudan et al. [29]) and cortical neurons (Bonev et al. [54]), the pro-
portion of TAD boundary associated CTCF binding remain concordant in
all evolutionary types of binding sites. E) The horizontal bar displays the
percentage of CTCF sites in ±50 kb window from the nearest TAD bound-
ary for each evolutionary type of site. The pie charts shows the numbers
and proportions (numbers inside) of CTCF sites with canonical motifs in ei-
ther “favourable” or “reverse” orientation (see diagram right) for each evo-
lutionary type. F) Line plot of CTCF-cohesin co-occupancy at matched
tiers of signal intensity (reads/site) for CTCF binding sites. All categories of
CTCF where within a distinct range of signal for each bin, even though
their numbers were variable. Co-occupancy was calculated as the number
of CTCF sites that co-localise with a 2-subunit cohesin-bound region. G)
Bar plot of the percentage of BL6-specific sites (subspecies-specific and
the tissue-shared subset) present within each signal tier from (A), from
the total set of CTCF sites of that type.
Additional file 5: Figure S5. Chromosome 4 Interferon-zeta gene-
cluster shows negligible transcriptional activity, and weak 3D interaction.
Top) 10 kb resolution Hi-C heatmap of 3D genomic interactions in the
200 kb locus on Chromosome 4 comprising the Interferon-zeta gene-
cluster (57.57 kb) and its genomic neighbourhood, generated using The
3D Genome Browser [67] based on Bonev et al. [54]. The shaded area
(grey) denotes the genomic window of the Interferon-zeta gene-cluster,
showing weak long-range interaction encompassing the cluster, albeit in
the intergenic distance between two neighbouring TADs. The units on
the scale (top left) are for normalised interacting counts. Bottom) The
first two tracks show the RNA-seq alignments for all available tissues from
the Ensembl browser [63] (top) and liver (bottom) for the entire 200 kb
locus. The y axis denotes the number of RNA-seq reads mapping to each
gene. All genes in the 200 kb window are denoted below, with arrow-
heads indicating the direction of transcription.
Additional file 6: Figure S6. Convergent evolution of an orthologous
interferon gene cluster in pig. A) Genome browser display of BL6-Pig
LASTz pairwise alignment of the 15-gene cluster. Pink tracks show the
BL6 genome regions aligning to sequences in the pig genome. B) A
zoom-in view of the orthologous gene cluster of interferon precursors in
the pig genome. The orthologous gene in (A) is shown as the leftmost
gene in the window in brown italics. The 12 paralogues to this gene are
highlighted in brown italics with the other interferon genes in light grey.
The arrowheads indicate the direction of transcription. The dark grey
tracks at the bottom indicate the LTR repeat content of the region. C) A
schematic diagram showing the position of the CTCF motif enriched at
around 1 kb from the TSS of 12/13 genes in the cluster, with the motif
composition below the orange track indicating the position. The motif
underneath is the CTCF canonical motif with the p-value of the probabil-
ity that the match occurred by random chance.
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